Safety assessment of endocrine-disrupting chemicals (EDCs) is now an important issue because of fear of human exposure. Bisphenol A (BPA), a compound initially synthesized as a chemical oestrogen, is now used as a monomer for the production of polycarbonate plastic products such as baby bottles. In the present experiment, toxicity and effects of BPA administration to maternal rats and response of their offspring to N-nitrosobis(2hydroxypropyl)amine (BHP) treatment were studied. Growth retardation was observed in maternal rats throughout the period of BPA exposure (total dose of 21 ± 3 grams per rat). Serum TSH was elevated in maternal rats receiving a soybean-devoid diet and offspring of maternal rats with or without BPA but this was not thought to be caused by BPA. Histopathologically, no significant organ toxicity was observed in BPA-treated maternal rats. Examination of cleavage of the balanopreputial gland in males and opening of the vagina in females performed on 5 to 7-week-aged offspring, demonstrated no abnormal differentiation or growth retardation. BPA exposure did not affect BHP-induced carcinogenesis in the thyroid, lung, thymus, esophagus, and liver, location, incidences, and numbers of tumors not differing in offspring born from maternal rats with or without BPA administration. These results indicate that BPA does not induce any tissue injury for maternal or offspring rats, with no effects on target organ carcinogenesis of BHP in offspring. (J Toxicol Pathol 2001; 14: 87-98) 
Introduction
Bisphenol A (BPA) has been used as a monomer in the manufacture of a multitude of chemical products, including epoxy resins, polycarbonate, dental sealants, food packaging materials, and interior coatings for cans and therefore there is potential human exposure since the compound leaches out of such products [1] [2] [3] [4] . BPA is one of well-known endocrine disrupting chemicals (EDCs), and has weak estrogenic activity 15,000-fold less potently than 17β-estradiol 5 . Therefore, risk assessment of BPA should be required, using various kinds of experimental systems. The safety of BPA per see has been extensively evaluated and it is not considered to be a selective developmental or reproductive toxicant 6, 7 , mutagen [8] [9] [10] , or carcinogen 11 . However, it has recently been reported that exposure of developing rodents to high doses of EDCs advances puberty and alters their reproductive function 12 and alteration has therefore become concentrated on the effects of EDCs on development and function in offspring of treated maternal animals. Low environmental doses of EDCs may also affect development in humans. Thus effects have become apparent in humans over the past half century that are consistent with those seen in animals after exposure to high doses of EDCs, such as an increase in genital abnormalities in boys 13 , and earlier sexual maturation in girls 14 . Further, Howdeshell KL et al. 15 reported that exposing female mouse offspring to a BPA at a dose that is within the range typical of the environmental exposure of humans alters the postnatal growth rate and brings on early puberty. Moreover, Farabollini F et al. 16 reported that BPA given to maternal rats from 10 days before mating until weaning of the pups reduced male offspring motivation to explore, while in females motor activity was also depressed, and these abnormalities might be caused by disturbance of brain development and various hormones, including thyroid. Furthermore, EDCs might be supposed to work for increasing of carcinogenic susceptibility in exposing offspring, however, effects of EDCs for carcinogenesis in various organs except reproductive system of exposing offspring are still obscure. BPA has been found in milk from lactating rats administered BPA in drinking water 17 . Therefore, BPA has considered to affect on lactating pups through milk. In this study, effects of BPA on multi-organ carcinogenesis, including thyroid and lung, induced by N-nitrosobis(2-hydroxypropyl)amine (BHP) in BPA-exposing offspring, who exposed by BPA from embryonic stage (exposed trans-placentally) to end of weaning stage (mainly exposed through milk) were investigated to assess the risk of BPA on carcinogenesis. Moreover, we used basal diet (MF diet) and soybean-devoid diet because combined effects of BPA and soybean, which is weakly estrogenic due to inclusion of isoflavones 18 , for carcinogenesis are obscure.
Materials and Methods

Chemicals and diets
BPA (molecular weight: 228.3) was purchased from Aldrich Chemical, Inc. (Milwaukee, U.S.A.). Its chemical structure is shown in Fig. 1 . BHP was purchased from Nakarai Tesque, Inc. (Kyoto, Japan), MF basal powder diet (MF diet) and soybean-devoid powder diet (soybean-devoid diet) from Oriental Yeast Co., Ltd. (Tokyo, Japan) and CE-2 basal pellet diet (CE-2 diet) from Clea Inc. (Tokyo, Japan).
Maternal rats
A total of 42 female Wistar rats 4-weeks-old (Japan SLC Inc., Shizuoka) were acclimatized for two weeks before use. Rats were divided into four groups of 10-11 rats. Groups 1 and 2 received 0 and 1.0% BPA in MF diet, respectively; groups 3 and 4 received 0 and 1.0% BPA in soybean-devoid diet, respectively. Dose of 1.0% BPA was settled as maximal tolerant dose without reducing effect on the number of pups from previous report 6 , 1 1 . BPA administration was started 10 weeks pre-mating, and continued through mating, gestation, and lactation periods until offspring were 3-weeks-old (weaning) as shown in Fig.  2 . Body weights and food consumption were measured once a week throughout the experimental period. At 3 weeks after delivery, all maternal rats were sacrificed under ether anesthesia. Blood was collected from the aorta of two to four rats in each group for measuring serum levels of thyroid hormones. For triiodothyronine (T 3 ) and thyroxine (T 4 ) an autoanalyzer ES22 (Boehringer Mannheim, Germany) was used, and for thyroid-stimulating hormone (TSH) a microplate reader Elx800 (Bio-Tec Instruments, Inc., U.S.A.) with an enzyme immunoassay. Body and organ weights of the liver, spleen, kidneys, heart, adrenals, thyroids, pituitary, ovaries, and brain were measured and values relative to body weights were calculated. After fixation in 10% buffered formalin, paraffin-embedded sections were stained with hematoxylin and eosin (HE) for histopathological examination of the liver, kidney, spleen, lung, heart, ovary, uterus, thymus, adrenal, thyroid, and pituitary gland.
A total of 42 male Wistar rats (Japan SLC Inc., Shizuoka) were used for the mating after 12 weeks of feeding CE-2 diet. After 10 weeks of BPA administration, females were placed for one-night with these males on a oneto-one basis. The presence of a vaginal plug was examined next morning. Pairing was repeated 4 times per week until sufficient numbers of pregnant rats were obtained. After confirmation of the presence of the plug, the rat in-gestation was considered to be successfully mated and the day was designated as day 0 of gestation. Culling was not conducted because enough number of offspring for the carcinogenesis experiment was needed and no significant intergroup differences were found on the numbers of offspring between BPA treated and BPA untreated groups. Pregnant, delivery, and nursing parameters ( Table 2) were determined for dams f ro m ea c h e xpe rim en tal gr oup. The nu mbe rs o f implantations were macroscopically counted from the maternal uterus at necropsy after weaning. Thereafter, numbers of implantation losses were calculated from the numbers of implantations and the numbers of delivered pups.
Experimental groups of offspring
Offspring were divided into 8 experimental subgroups. Groups 1'-4' received CE-2 diet and tap water without BHP and groups 1"-4" received CE-2 diet and tap water containing 2,000 ppm BHP from 5-week-old for 12 weeks as shown in Fig. 2 . Offspring of groups 2' and 4', 2" and 4" were born from maternal rats receiving BPA. Effective numbers of male and female offspring are listed in Tables 4  and 5 . All rats were sacrificed 25 weeks after birth under ether anesthesia. Blood was collected from the aorta of three to five rats from all groups for analyzing serum T 3 , T 4 , and TSH levels by the same methods described above for maternal rats. Lungs, livers, testes, ovaries, and uterus were weighed immediately after removal. Target organs of BHP carcinogenecity such as lungs, thyroids, esophagus, liver, and thymus were fixed in 10% buffered formalin. Individual esophageal nodules that were over 1.0 mm diameter were calculated macroscopically. The lungs were inflated via the trachea with the same fixative and five slices per rat were sectioned from five different pulmonary lobes. Paraffin-embedded sections were stained with HE for histopathological examination.
Examination of external differentiation
Starting two weeks after the weaning, an examination of external differentiation was performed on offspring not receiving BHP. Cleavage of the balanopreputial gland was examined everyday in 5 to 15 males of each group and opening of the vagina was assessed in 5 to 15 females of each group under the naked eye.
Statistical analysis
Data were statistically analyzed using the Dunnett-test and the chi-square test with the EXAS system (SAS Institute, Japan).
Results
Maternal toxicity of BPA
No maternal rats, with or without BPA, died during the experimental period. Body weight curves during BPA administration are shown in Fig. 3 and the numbers and body weights of maternal rats at the beginning of the experiment, while pregnant and at weaning and the total BPA intake are both sexes of offspring were given 0 or 2,000 ppm BHP in their drinking water starting at 5-weeks-age for 12 weeks, followed by tap water for 8 weeks and sacrificed 25 weeks after birth. Maternal rats were sacrificed after weaning. Examination of the external differentiation of offspring was performed 5 to 7 weeks after birth. given in Table 1 . Body weights of rats from Group 2 were decreased from the second week of BPA administration until the weaning period, while those of groups 3 and 4 were comparable to Group 1 values ( Fig. 3 ). Total intake of BPA by rats of groups 2 and 4 was not different but only the final body weights of rats from Group 2 were significantly decreased as compared to Group 1 ( Table 1) . Thyroid hormone analysis showed no BPA-related changes, but TSH levels of groups 3 and 4 were slightly higher than in groups 1 and 2 ( Fig. 4) . Organ weight analysis also showe d no significa nt cha nges due to BPA. Histopathological examination revealed no BPA-related organ toxicity in the liver, kidney, spleen, heart, lung, adrenal, thymus, pituitary, uterus, or ovary. Histologically, thyroid glands in groups 3 or 4 given the soybean-devoid diet demonstrated goiter with colloid rich follicles lined by flat epithelial cells ( Figs. 5 and 6 ). However, no influence of BPA-treatment was recognized.
Effects of BPA on pregnancy, delivery parameters and offspring growth
Data for pregnancy, delivery, and nursing parameters studied in the present experiments are listed in Table 2 . Ten or 11 female rats from each experimental group were coupled. Mean duration of gestation did not differ among the groups. Eight, 10, 7, and 9 pregnant rats from groups 1 -4 delivered live newborn, respectively and 2, 1, 2, and 2 rats did not conceive. Numbers of implantations, implantation loss, and live newborn were not different between groups 1 and 2 or between groups 3 and 4. Stillbirths were observed in rats from groups 3 and 4 and in one rat from group 3 all pups were affected. One dam from group 2 lost 75% of offspring by Day 4. However, these parameters on a litter basis were comparable among the four groups. Numbers and body weights of offspring before BHP treatment are listed in Table 3 . One male and 1 female offspring receiving the MF diet and 2 females given the MF diet-containing BPA died within 2 weeks of birth. Average body weights of male offspring receiving the MF diet containing BPA were decreased at 10 days and 2 weeks but had recovered by 3 weeks after birth. Those of male offspring given the soybean-devoid diet containing BPA were increased at 3 weeks. The body weights of females receiving the MF diet containing BPA were increased 3 days and decreased at 10 days and 2 weeks but recovered 3 weeks. In those receiving the soybean-devoid diet containing BPA increase was apparent at 10 days and 3 weeks.
Examination of external differentiation
T h e r e s u l t s o f t h e e x a m i n a t i o n o f e x t e r n a l differentiation are presented in Figs. 7 and 8 . Cleavage of the balanopreputial gland in male offspring did not differ among subgroups 1'-4' and no abnormal development of the penis was observed. Opening of the vagina in female offspring also did not differ among subgroups 1'-4' and no abnormal development was apparent.
Serum thyroid hormone levels in offspring and thyroid histology
Serum TSH was not detectable in male and female rats from subgroup 1', 1 male from subgroup 3', and 2 females from subgroup 4'. However, it was elevated in male and female rats from subgroup 2', 2 males and 3 females from subgroup 3', and 3 males and 1 female from subgroup 4'. Serum T 3 and T 4 levels were not significantly different among subgroups 1'-4' (Fig. 9 ), and thyroid hormone levels were also not different in offspring receiving BHP. Histologically, no particular changes were observed in the thyroid of male and female rats from subgroups 1'-4'.
Effects of BPA administration to maternal rats on BHP-induced carcinogenesis in offspring
Numbers, body weights, and the total intake of BHP per rat are shown in Table 4 . At the time of starting BHP administration, decreased body weights were observed in male and female offspring from subgroup 2" and at the end of BHP administration, increased body weights were observed in male offspring from subgroup 4". At the time of sacrifice, no body weight differences were observed among subgroups 1"-4". The amounts of total intake of BHP did Fig. 7 . Cleavage of the balanopreputial gland in male offspring as a function of age. not differ among subgroups but 1 male and 3 females from subgroup 1", 1 male and 2 females from subgroup 2", 5 males and 4 females from subgroup 3", and 3 females from subgroup 4" died after BHP administration. Body weight curves of male and female offspring during carcinogenesis by BHP are presented in Fig. 10 . No weight loss was observed among subgroups 1"-4" of either sex. At the time of sacrifice, body, lung, and liver weights of male and female offspring did not differ among subgroups 1"-4". No intergroup differences were found in genital organ weights analysis such as ovary (each mean relative weights to body weight in subgroups 1'-4' were 32 ± 5, 33 ± 4, 31 ± 3, and 30 ± 7 mg/100 g, respectively) or uterus (each mean relative weights to body weight in subgroups 1'-4' were 0.21 ± 0.07, 0.22 ± 0.07, 0.29 ± 0.12, and 0.20 ± 0.10 g/ 100 g, respectively). The incidences of preneoplastic and neoplastic lesions in the thyroid, lung, liver, thymus, and esophagus of male and female offspring from subgroups 1'-4' and 1"-4" are shown in Tables 5 and 6. No lesions were observed in offspring from subgroups 1' -4'. Follicular cell carcinoma (FC) ( Fig. 11 ) and follicular cell adenoma (FA) in the thyroid, adenocarcinoma (AC) (Fig. 12) , adenoma (A), alveolar hyperplasia (AH), adenosquamous cell carcinoma (ASCC), squamous cell carcinoma (SCC), and squamous metaplasia (SM) in the lung, hepatocellular carcinoma (HCC) and adenoma (HA) in the liver, malignant lymphoma (ML) in the thymus, and SCC and papilloma in the esophagus developed in offspring receiving BHP. However, the incidences of these lesions in male and female offspring did not demonstrate any significance. Macroscopically, numbers of esophageal nodules per rat were also comparable in all BHP-treated subgroups 1"-4" and were not affected by maternal BPA treatment. The numbers of lung lesions did not differ among male and female offspring from subgroups 1"-4" (Tables 7 and 8 ).
Discussion
In the present experiment, BPA did not exert any organ toxicity in maternal rats or effects on external differentiation and target organ carcinogenesis by BHP in offspring. However, the effects of BPA on estrous cycles were not investigated in this experiment. Growth retardation was noted in maternal rats receiving a total dose of 21 ± 3 BPA gram per rat in MF diet but was not found in rats receiving 22 ± 2 gram per rat in soybean-devoid diet, so that it is difficult to conclude any toxicity on this basis. Serum TSH levels showed a tendency to be elevated in maternal rats from groups 3 and 4 and colloid goiter was histologically observed. The pathogenesis of colloid goiter in the present experiment is unclear, but one possible mechanism of the lesion is thought to be induced due to long term treatment of some nutritional deficiency or nutritional unbalance because Van Middlesworth L 19 reported that unidentified nutritional deficiency can alter the goitrogenic response. However, in offspring, such histological changes were not observed in rats with elevated serum TSH, and this latter did not appear to conclude with BPA administration. BPA binds to both estrogen receptors (ER) α and β with low affinity and transactivates reporter genes in vitro 5, 20, 21 . It has been found to induce premature vaginal opening 22 , reduction of estrus cyclicity 23 and increase in multinucleated giant cells in seminiferous tubules with decreased plasma testosterone levels 24 in immature rodents. Recently, oral administration of BPA to pregnant mice was reported to affect offspring reproductive organ parameters such as the weights of preputial glands, prostate, and epididymis, daily production of sperm per testis, anogenital distance, and the period between vaginal opening and first vaginal oestrus 15, 25, 26 . Vom Saal FS et al. 25 and Howdeshell KL et al. 15 documented that oral administration of BPA at environmental doses from 2.0 to 20.0 µg/kg/day affected male reproductive organs such as prostate and preputial gland (both with increased weights), epididymis (decreased weights), and testis (decrease daily sperm production per gram tissue), as well as reducing the number of days between vaginal opening and first vaginal oestrus in female offspring in CF-1 mice exposed to BPA during prenatal development from gestation day 11 to 17. BPA has been reported to cause endocrine disruptive effects especially with exposure levels within those found in the environment. However, the "low-dose hypothesis" remains controversial. Cagen SZ et al. 27 and Ashby J et al. 28 reported no treatment-related effects of BPA on male reproductive development parameters in offspring with different dose levels of 0.2 to 2,000 µg/kg/day given to pregnant CF-1 mice. Cagen SZ et al. 29 also reported no effects of BPA at doses of 0.01 to 10 ppm (corresponded doses about 0.001 to 1 mg/kg/day) given to maternal rats on male reproductive parameters of offspring. Further, Kwan S et al. 30 found no effects of BPA administered continuously by gavage at 3.2 to 320 mg/kg/day to maternal CD;SD rats in terms of pubertal development of both male and female offspring. Further, BPA treatment by gavege at 160 to 640 mg/kg/day administered during organogenesis period did not produce fetal toxicity in rats 5 and dose of 1.0% BPA used in our study roughly corresponded to about 400 to 600 mg/kg/ day but BPA blood levels were not determined. Thus the present results for a high dose of BPA are in line with most of the literatures. The present results provide useful information on the probable lack of trans-placental, synergistically additive effects of BPA on carcinogenesis, at least in offspring. 
